A high quality dataset on the photo-oxidation of benzene, toluene, p-xylene and 1,3,5-trimethylbenzene has been obtained from experiments in the European Photoreactor (EUPHORE), a large outdoor environmental reaction chamber. The experiments were designed to test sensitive features of detailed aromatic mechanisms, and the dataset has been used to evaluate the performance of the Master Chemical Mechanism Version 3 (MCMv3). An updated version (MCMv3.1) was constructed based on recent experimental data, and details of its development are described in a companion paper. The MCMv3.1 aromatic mechanisms have also been evaluated using the EUPHORE dataset. Significant deficiencies have been identified in the mechanisms, in particular: 1) an over-estimation of the ozone concentration, 2) an under-estimation of the NO oxidation rate, 3) an under-estimation of OH. The use of MCMv3.1 improves the model-measurement agreement in some areas but significant discrepancies remain.
Introduction
Ground-level ozone is produced by the photo-oxidation of volatile organic compounds (VOC) in the presence of nitrogen oxides (NO x ). Houweling et al. (1998) have estimated that aromatic species contribute about 10% to the global anthropogenic non-methane VOC emissions, the major source being car exhaust and with a significant contribution from solvent usage. Because of their high ozone creation potentials (Derwent et al., 1998) , their contribution to ozone production on a global scale is likely to be proportionately much greater than that which would be estimated based on mass emissions alone. Trajectory model calculations show that for an air mass typical of northwest Europe about one third of the Correspondence to: M. J. Pilling (m.j.pilling@leeds.ac.uk) ozone production is caused by aromatic hydrocarbons (Derwent et al., 1996) . Aromatics are also aerosol precursors and it is believed that they significantly contribute to the generation of secondary organic aerosols (Forstner et al., 1997; Calvert et al., 2002) Photochemical ozone and particulate matter formation are major priorities of the EU air quality policy in the coming decade (CAFE, 2001) . Elevated concentrations of ozone have been known for a long time now to have adverse effects on human health and vegetation (PORG, 1997) . Recent research activities provide also increasing evidence that fine particulate matter has deleterious effects on human health and is causing premature deaths (Finlayson-Pitts and Pitts, 1997, and references therein). Based on these research results the EU legislations classify fine aerosols (PM 10 ) now as one of 12 key air pollutants for which target values are defined to achieve necessary reduction in atmospheric concentrations and improvements in air quality (AQS, 2000) .
Photochemical mechanisms are used in air quality modelling to assess the importance of the emission of air pollutants on the formation of ozone. They are applied, for example, for the calculation of photochemical ozone creation potentials (POCP) for VOC that assist policy makers in defining realistic and cost-efficient pollution control strategies (Derwent et al., 1996) . Thus, a detailed understanding of the oxidation mechanisms of aromatics in the atmosphere is a prerequisite for assessing the impact of aromatic emissions on air quality.
For the aromatics that have the greatest effect on air quality, such as benzene, toluene, trimethylbenzenes, and xylenes, the rate coefficients for the OH-radical reaction are known with an uncertainty of about 20-25% (Calvert et al., 2002) . The reaction of an aromatic with OH can either result in ring-retaining products or in an opening of the aromatic ring. Primary products of the ring-opening routes are carbonyl compounds, many of them highly polar and photolabile, which makes quantitative measurements a major challenge. Owing to these difficulties the mass balance for carbon from product analysis is in all cases less than 70% and typically less than 50% (Calvert et al., 2002) . Even yields of major reaction products, reported by different studies, in many cases cover a range of more than a factor of two, reflecting great experimental uncertainties (Atkinson et al., 1989; Klotz et al., 1998; Volkamer et al., 2001 , and references therein).
Despite our fragmentary understanding of aromatic photooxidation, the available kinetic and mechanistic data have been condensed into a Master Chemical Mechanism now including the photo-oxidation of 18 aromatics (http://www. chem.leeds.ac.uk/Atmospheric/MCM/mcmproj.html). The protocol for the development of the aromatic mechanisms of MCMv3 is described by Jenkin et al. (2003) and reflects the state of knowledge in early 2001. Although there has been much work carried out to elucidate the details of aromatic oxidation over the past two decades, the mechanisms remain highly speculative, particularly because of the limited knowledge of the chemistry in the ring-opening routes.
Therefore it is not surprising that comparisons of the aromatic mechanisms of MCMv1, MCMv2 and MCMv3 with smog-chamber data reveal large deviations for ozone production as well as the decay of the parent aromatic (Liang and Jacobson, 2000; Wagner et al., 2003) . The observed discrepancies indicate shortcomings in the mechanisms concerning both the production of HO x radicals and the NO to NO 2 transformation.
These studies imply that for a reliable assessment of the impact of aromatic emissions on regional ozone formation and on secondary aerosol, further improvement of the MCM is required. Traditionally, complex photo-oxidation mechanisms of VOC are tested with experiments carried out in large reaction vessels, so called smog-chambers (Carter et al., 1995) . Compared to ambient simulations this approach has the advantage that a single component system can be investigated under well-defined conditions that are not complicated by meteorological and transport effects. Unfortunately the use of smog-chamber data has its own set of difficulties. In particular heterogeneous processes occurring on the walls of the chambers can have a significant impact on the chemical system under observation (Killus and Whitten, 1990; Carter, 1995; Dodge, 2000) , and loss of chemicals to the chamber walls may be important. If smog-chamber data are used for the evaluation of chemical mechanisms these chamber-related effects need to be quantified and represented by an auxiliary mechanism.
To evaluate the aromatic mechanisms of MCMv3 a set of smog-chamber experiments was carried out during two campaigns (EXACT-1 and EXACT-2) at EUPHORE as part of the EXACT project (Effects of the oXidation of Aromatic Compounds in the Troposphere). The evaluation procedure focused on four representatives of the class of aromatic compounds: benzene, toluene, p-xylene and 1, 3, 3, . The objectives of the EXACT-1/2 campaigns were to deliver a comprehensive evaluation dataset that enables us to develop a coherent picture of the shortcomings in the aromatic mechanisms and to test specific mechanistic details, such as photolysis rates of ring-opened products, yields of major reaction channels and the carbon balance. We have used models to tailor the experimental conditions so that the experiments deliver a maximum of information for the evaluation of the aromatic mechanism. To take chamber-related effects into account an auxiliary mechanism was constructed and tested against chamber characterization experiments with ethene.
In this paper we describe the dataset for aromatic model evaluation that was obtained in the two EXACT campaigns and we present results of the evaluation of aromatic mechanisms of the MCMv3. Measures of model performance are discussed and trends within the set of aromatics are analysed. Based on results from the evaluation experiments, results from the kinetic workpackages of the EXACT project and newly available literature data the aromatic mechanisms were updated to the version MCMv3.1. The performance of these mechanisms is also compared to the evaluation experiments. A detailed discussion of the mechanism development itself is presented in a companion publication (Bloss et al., 2005) .
Methods

Selection of aromatics
We have selected four aromatic compounds for the evaluation experiments considering two major criteria: 1) the proportion of the ring-opening routes in the aromatic-OH adduct channel and 2) the complexity of the mechanism. The yields of ring-opening routes of the reaction of the aromatic-OH adduct with O 2 increase with the number of methyl substituents (Smith et al., 1998 (Smith et al., , 1999 . A correlation or anticorrelation between the number of methyl groups of the aromatic and the model-experiment discrepancy for a certain parameter, e.g. the ozone production, would give an indication whether the model shortcomings are located in the ringopening or ring-retaining routes of the mechanism. The symmetry of an aromatic is linked to the number of intermediates formed during the photo-oxidation: the higher the symmetry of the compound, the lower the number of reaction products and the less complex the mechanism. Based on these considerations we have chosen benzene, toluene, p-xylene and 1,3,5-TMB as a series of aromatics with increasing number of methyl groups and highest possible symmetry.
Target species
While EUPHORE is highly instrumented the selection of species for measurement is necessarily limited, and only a selection of reactants and intermediates of the aromatic systems could be quantified in the EXACT campaigns. We focused Atmos. Chem. Phys., 5, [623] [624] [625] [626] [627] [628] [629] [630] [631] [632] [633] [634] [635] [636] [637] [638] [639] 2005 www.atmos-chem-phys.org/acp/5/623/ C. Bloss et al.: MCMv3 and MCMv3 .1 against environmental chamber data 625 on key compounds that are classified into three groups according to their importance for the assessment of the model performance.
The first group contains the parent aromatic, O 3 , NO and NO 2 . The concentration time profiles of these compounds deliver crucial information on the ozone production and the oxidative capacity in the system. To ensure high data quality the aromatic and ozone were measured with two independent methods, FTIR/GC and UV/FTIR, respectively. NO 2 was measured with a direct method (DOAS), as catalytic converters linked to chemiluminesence instruments are known to be prone to interferences. The details of all the experimental methods used are discussed in Sect. 3.
The second group contains compounds that deliver important information on the NO y budget, HO x production or the branching ratios for major reaction routes: HNO 3 , PAN, HCHO, glyoxal, methylglyoxal, cresol isomers and benzaldehyde. HNO 3 and PAN are crucial components of the NO y budget and play an important role for long-range transport of oxidised nitrogen in the atmosphere. HCHO, glyoxal and methylglyoxal have been identified as major radical sources in the aromatic oxidation mechanisms . Compounds of the second group occur in concentrations during the course of a smog-chamber experiment that are high enough to be quantified. But owing to more demanding measurement techniques, uncertainties of these measurements are considerably higher than for the compounds of the first class.
The third group of compounds contains reaction products, such as butenedial, 4-oxo-2-pentenal, α-angelica lactone, furanones and epoxide type compounds. These compounds are formed in the ring opening channels and potentially provide key information on those channels, on the carbon budget and on radical production in the aromatic systems. However they are extremely difficult to quantify because of their high reactivity and low concentrations.
Experimental design
Smog-chamber experiments coupled with sensitivity analysis, have shown that the sensitivity of the ozone production to model parameters (e.g. rate coefficients, product yields, photolysis rates) is highest at low VOC/NO x ratios, that means in a chemical domain where the ozone production is limited by the availability of VOC (Dodge, 2000; Wagner et al., 2003) . For that reason, experiments at low VOC/NO x ratios are particularly suited to the identification of shortcomings of the ozone chemistry in models. On the other hand, these conditions are not typical of atmospheric conditions that prevail in Southern Europe where the ozone production can be NO x limited (Solomon et al., 2000) . Therefore we decided to carry out evaluation experiments at both, low and high VOC/NO x ratios. Unfortunately the VOC limited region is experimentally not accessible for aromatics with very high reactivities: the concentration of the aromatic is either too low for accurate measurements or the NO x concentration is so high (>500 ppb) that reaction pathways which are inoperative under atmospheric conditions become important (Volkamer et al., 2002) .
With the aid of models we have carefully chosen the initial conditions for the evaluation experiments considering all technical constraints and trying to come as close as possible to atmospheric conditions . These simulations show that it is possible to carry out experiments in the VOC and NO x limited regimes for benzene and toluene, whereas for p-xylene and 1,3,5-TMB only the NO x limited regime is experimentally accessible. Ozone isopleth plots showing the modelled maximum ozone concentration as a function of initial aromatic and NO x concentrations are available as supplementary information.
In remote and rural areas of Europe and North America NO x concentrations are usually lower than 10 ppb (Finlayson-Pitts and Pitts, 1999) . To test the model performance under these conditions a new experimental modus was employed: over the whole course of the experiment a NO/NO 2 /HONO mixture was injected into the chamber controlled by a feedback system that kept the NO x concentration at about 9 ppb. These NO x replacement runs were only carried out for toluene and 1,3,5-TMB.
Model simulations of smog-chamber experiments
The initial concentrations used in the simulations are those measured immediately before the chamber was exposed to sunlight, and are listed in Table 1 . In most cases the initial HONO concentration could not be measured but was estimated as discussed below in Sect. 4.1. The temperature and humidity of the chamber were continuously monitored during the experiments and these values are used in the models. Chamber humidity was low and typical water mixing ratios of 40-70 ppm were observed. The measured photolysis rate for NO 2 is available and for all other photolysis processes calculated rates were used with scaling factors applied to account for the transmission of the chamber walls, backscattering from the chamber floor and cloud cover. The variations from day to day and during the experiments resulting from cloud cover are accounted for by considering the difference between measured and calculated clear sky J(NO 2 ) at any given time during the experiments. This variable scaling factor, f1, is applied to all photolysis rates in addition to a factor, f2, designed to account for wall and cloud transmission effects, which will be different for different species dependent on their absorption spectrum. In a previous chamber dataset (22 October 1997) the photolysis rates for O 3 , HCHO, HONO were available in addition to J(NO 2 ), and for these species the applied scaling factors, f2, are based on the deviation between their measured and calculated photolysis rates, normalised by the deviation seen for NO 2 . For all other photolysis rates the average value of these factors is used. During the experiments a certain amount of air from the chamber is lost through small leaks and withdrawal of air samples for analysis; clean air is added to compensate for this and some dilution of the reactants and products occurs as a result. To measure the dilution rate SF 6 was added to the reaction mixture as an inert tracer in each experiment and its concentration was monitored by FTIR. The average calculated loss rate of SF 6 over the course of each experiment is used as the dilution rate applied to all stable species in the simulations. Dilution rates are in the range (1.2-2)×10 −5 s −1 .
One of the most controversial issues of mechanism evaluation with smog-chamber data is the influence of chamberdependent reactions on the reactivity of the chemical system under observation. There are three major groups of processes that contribute to chamber effects: 1) the introduction of free radicals through wall reactions, 2) the adsorption/desorption of NO y species on/from the walls and 3) off-gassing of organics from the walls that convert OH to HO 2 and add to ozone production in the system (Killus and Whitten, 1990 ).
An auxiliary mechanism that considers these chamber related effects has been constructed and the relevant reactions and associated rate coefficients are listed in Table 2 . Where data from EUPHORE characterisation experiments are not available, literature data adapted to EUPHORE conditions are taken, and upper and lower limits to these rates have been assigned in order to estimate the maximum impact the auxiliary mechanism may have on the simulations. To test the performance of the auxiliary mechanism two chamber characterisation experiments with ethene were carried out to cover both the high VOC/NO x and the low VOC/NO x regimes. Ethene was chosen as the VOC with a simple, well understood, photo-oxidation mechanism that comes closest to the reactivity of the aromatics. The model-experiment discrepancies for key reactants and reaction products, such as ethene, O 3 , NO, and NO 2 , are taken as a measure for wall-dependent reactions. The auxiliary mechanism has been tuned to fit the model-experiment discrepancies of the ethene experiments and the resulting auxiliary mechanism was then taken to describe the wall effects in simulations of the aromatic systems.
Measures of model performance
For evaluation of the aromatic mechanisms the most important measures of the model performance are those that relate to the ability of the model to simulate the ozone production and the oxidative capacity in the system.
The production of ozone in the presence of reactive organic species is a result of the conversion of NO to NO 2 by reaction with peroxy radicals. These processes do not consume ozone, and therefore the subsequent photolysis of NO 2 to form O( 3 P) atoms acts as a net ozone source. The simplest measure of model performance concerning ozone production is the error in the maximum ozone concentration reached, and this can be evaluated either at the time of the observed maximum concentration, or as the difference between the modelled and measured maxima unpaired in time. While Table 2 . Auxiliary mechanism constructed to consider chamber related reactions. Table 2 : Auxiliary mechanism constructed to consider chamber related reactions.
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Process
Nominal rate the former approach is the more stringent, the latter can be used to give a good measure of the overall ozone yield of the simulation independent of timing (Carter and Lurmann, 1991) . The rate of change of the difference in ozone and NO con-
can be shown to be equal to the rate of consumption of NO by reaction with species other than O 3 , and the major such process is conversion of NO to NO 2 by reaction with peroxy radicals. Therefore the rate,
/dt is closely related to the processes responsible for the production of ozone in photosmog systems and can be used as a definition of reactivity both early in the experiment when the NO concentration is high, and later when most of the NO has been consumed and significant amounts of O 3 are being formed. Carter and Lurmann (1991) have found the average value of d ([O 3 ]-[NO])/dt evaluated for the first half of the time taken to attain maximum experimental ozone concentration to be a good measure for the overall timing of model simulations, and this parameter is referred to as the 'NO oxidation rate'.
For all the aromatics studied, it was found that the modelled OH concentration was insufficient to account for the removal of the primary aromatic. The oxidative capacity of the aromatic systems under chamber conditions is determined by the concentration of OH radical, as this is the dominant oxidant. Therefore the amount of OH production missing from the mechanism is an important measure of the model performance, and was calculated using a model where an arbitrary OH source was added to the mechanism. The rate of OH production from this source was constrained to reproduce the observed loss of the primary aromatic. The 'missing OH' is then defined as the total amount of OH produced by this arbitrary source over the course of the experiment. This value should be compared to the new OH produced by all the other processes included in the mechanism which was calculated by considering the overall radical budget as described in detail by Wagner et al. (2003) .
The ability of the model to simulate production of other key product species such as PAN, HNO 3 , formaldehyde etc. is evaluated as for ozone, by considering the error in maximum concentration reached, irrespective of timing. 
Experimental
The comprehensive dataset for aromatic model evaluation was obtained during two measurement campaigns at the large-volume outdoor smog chamber EUPHORE, located in Valencia, Spain. The full details concerning the operation of the chamber and associated instruments are discussed elsewhere (Becker, 1996) , and a brief description of the features particularly relevant to obtaining the aromatic dataset is given below. The EUPHORE facility consists of two FEP foil hemispherical chambers with approximate volume 200 m 3 , the transmission of both visible and UV light through the chamber walls is high (85-90% for wavelengths 500-320 nm, and around 75% at 290 nm). The aluminium floor panels are covered with FEP foil and are water cooled to reduce solar heating of the chamber and maintain realistic atmospheric temperatures during experimental runs. The chambers are supplied with hydrocarbon and NO y -free, dry air by use of an air-drying and purification system that reduces the background concentration of non-methane hydrocarbons to levels below 0.3 µg m −3 . Homogeneous mixing in the chamber is achieved with two mixing fans of 67 m 3 min −1 air throughput running throughout the experiment. Aromatic hydrocarbons were injected into the chamber from a calibrated syringe and NO was introduced from a gas cylinder through a Teflon transfer line.
The experiments described in this work were carried out in Chamber A, and a summary of the instrumentation used is given in Table 3 . Two White-type multi reflection cells are mounted in the chamber; one White system consists of gold-coated mirrors and is coupled to an FTIR interferometer (NICOLET Magna 550, MCT-B detector), operated at an absorption path length of 326.8 m. The spectra were derived from the co-addition of 570 interferograms, the spectral resolution was 1 cm −1 and the time resolution was 10 min. The FTIR spectra were analysed by subtracting individual reference spectra to obtain the concentration of those compounds. This system was used to obtain the concentration-time profiles of the parent aromatic and ozone, crucial measurements for the evaluation of model performance concerning ozone production and oxidative capacity. Concentrations of HNO 3 and HCHO were also available from the FTIR measurements and these deliver important information on the NO y and HO x production, respectively.
The other White system is actively laser aligned, equipped with UV-enhanced aluminium coated mirrors coupled to a DOAS spectrometer (f/6.9 Czerny Turner spectrograph; Acton 500; focal length 0.5 m) and operated at an absorption path length of 386 m. DOAS was used to measure concentrations of NO 2 , HONO and the products HCHO and glyoxal.
The chamber is also equipped with a thermocouple PT-100 to measure air temperature, and two filter radiometers for measuring J(NO 2 ); one to measure direct sunlight, the other facing towards the chamber floor and measuring reflected light. Sampling ports in the floor panels connect to various instruments via PTFE Teflon lines: an ozone monitor (Monitor Labs), two NO x monitors (ML9841A and Eco physics CLD770 AL), a hygrometer, GC-FID/ECD (HP6890) for measuring PAN and VOC concentrations, and GC-Schmitt PAN Analyser for PAN and methylglyoxal. During the EX-ACT campaigns an additional instrument was used for comprehensive gas chromatography (GCXGC) and measured carbonyl compounds (Hamilton et al., 2003) .
The parent aromatic and ozone concentrations were measured with two independent methods, FTIR/GC and UV/FTIR, respectively. For the aromatic, reasonable agreement between the two techniques was achieved and the model-measurement comparison was carried out using the FTIR data. In most cases the FTIR and the UV monitor gave consistent measurements for ozone, and the UV measurements were used for comparison with the simulations. However, in the two p-xylene experiments the maximum concentrations observed with the UV monitor were significantly higher than measured by FTIR and it is suggested that the UV data were subject to interference by another absorbing species in these cases. Therefore, for p-xylene the simulated O 3 was compared to the FTIR measurements.
Typical uncertainties (2σ ) were ±10% for NO 2 , aromatics, HCHO and ±5% for O 3 and NO (Volkamer et al., 2002; Zádor et al., 2004) .
To measure concentrations of substituted phenol compounds samples of chamber air were taken using a stripping technique with a buffer solution of H 2 O at pH=7; these samples were then analysed by HPLC-UV/FLD.
Measurements of HO x radical concentrations can be made in chamber A; air is sampled by gas expansion and OH concentrations are measured by LIF. HO 2 concentrations can be measured by using NO to convert HO 2 to OH before the LIF measurement. This technique was employed during some of the aromatic hydrocarbon experiments described here, and the measurements are discussed in detail elsewhere . These measurements show good agreement between [OH] calculated from the rate of decay of the aromatic and that measured by LIF, confirming the validity of the FAGE calibration within the quoted 1σ measurement uncertainty of 26%.
Results and discussion
Chamber dependent reactions
The effects of the chamber dependent reactions listed in Table 2 were investigated with reference to two ethene photosmog experiments as discussed in Sect. 2.4 above. Initially each experiment was simulated using the chemical mechanism from MCMv3 and a base case auxiliary mechanism with all parameters set to nominal values. As shown in Fig. 1 , the observed ethene concentrations were well simulated but the maximum ozone concentration reached was over-predicted by the models, by 24% for the low NO x case and 23% for the high NO x case. The sensitivity of the O 3 production to each parameter in the auxiliary mechanism was assessed by changing each parameter in turn to its upper and lower limit, keeping all other parameters at their nominal values. The resultant percentage change in maximum O 3 was evaluated relative to the base case, and Fig. 2 shows the results for the two sets of experimental conditions, one in the NO x limited and one in the VOC limited regime. For the high NO x , VOC limited experiment the initial HONO concentration used has largest effect on maximum O 3 concentration reached, decreasing the initial HONO concentration to zero results in a 4% decrease in maximum O 3 concentration. Decreasing the rate of NO 2 conversion to HONO and HNO 3 also decreases the O 3 production. HONO photolysis is an important radical source and decreasing the radical production results in shorter chain lengths and reduced O 3 formation. The situation is markedly different in NO x limited conditions where the light dependent wall source of NO 2 has the largest effect on maximum O 3 concentration; reducing this rate to its lower limit leads to a 7.4% decrease in O 3 . In these conditions increasing the rate of NO 2 conversion to HONO and HNO 3 decreases the O 3 production as more NO 2 is lost to wall-bound HNO 3 . As the system is NO x limited reducing the amount of NO x available decreases the conversion of peroxy radicals to alkoxy radicals by reaction with NO; chain length and O 3 formation are consequently reduced.
To assess the maximum impact of the chamber dependent reactions on the simulations a worst-case scenario was constructed for each ethene experiment by setting the important parameters to maximise O 3 production and increase the overprediction observed with the base case mechanism. A single tuned mechanism was also constructed from the information obtained from both experiments to generate the best overall simulation of the datasets. The initial HONO concentration was chosen separately for each experiment to best reproduce the early time dependence of the observed ethene, O 3 , NO and NO 2 concentrations, with a value of 0.1 ppb being used for the low NO x experiment and 1.5 ppb for the high NO x High NO x -01/10/01 Low NO x -11/09/01 experiment. The parameters used are summarised in Table 4 ; all reactions that produced less than 1% change in maximum O 3 concentration in the sensitivity analysis were removed from the mechanism to minimise unnecessary complexity. The model-measurement comparison for the ethene experiments is shown in Fig. 1 . The tuned auxiliary mechanism clearly results in better simulation of the experimental data but it was not possible to eliminate the O 3 over-prediction.
The contribution of the chamber related processes to the overall radical and NO x budgets has been calculated for all three scenarios for both ethene experiments and the results, integrated over each five hour experiment, are summarised in Table 5 . The radical source arising from the auxiliary mechanism by photolysis of the HONO produced is compared to the total radical production in the mechanisms expressed in terms of new OH equivalents . The sources and sinks of NO 2 within the auxiliary mechanism are Atmos. Chem. Phys., 5, [623] [624] [625] [626] [627] [628] [629] [630] [631] [632] [633] [634] [635] [636] [637] [638] [639] 2005 www.atmos-chem-phys.org/acp/5/623/ considered and expressed as a net source, a negative value representing a net sink, and this is compared to the initial NO x concentration for the experiment or the total NO x sink in the system. In the low NO x experiment the auxiliary radical source is low compared to the total radical source but the chamber related reactions have a significant effect on the NO x budget. In the high NO x experiment the chamber related NO x sources and sinks are less important than in the low NO x case, but the auxiliary radical source makes a larger contribution to overall radical production. The same base case, worst case and tuned auxiliary mechanisms applied to the ethene experiments were also used in models with MCMv3 to simulate two toluene experiments, one low NO x (12 September 2001) and one high NO x (25 September 2001). The model-measurement comparison for the toluene experiments is shown in Fig. 3 . It is clearly demonstrated that, although the simulations are sensitive to the parameters used in the auxiliary mechanism, these reactions cannot account for the observed model-measurement discrepancies. The radical source arising from the auxiliary mechanism can be compared to the amount of OH production identified as 'missing' from the MCMv3 chemistry (see below in Sect. 4.2.2 and Table 6 ). For the high NO x case the worst case auxiliary mechanism produces 44.6 ppb OH over the whole course of the simulation, 14% of 'missing OH', the tuned auxiliary mechanism gives only 18.4 ppb (6% of 'missing OH'). In the low NO x experiment radical production is much lower, the OH from the auxiliary mechanism is at most 3.0 ppb, or 2% of the 'missing OH' for this experiment.
Chamber related processes introduce additional uncertainties into model simulation results, but particularly for the aromatic compounds further significant differences exist between modelled and measured concentrations, and the chamber datasets can be used to explore shortcomings in the understanding of the gas phase chemical mechanisms.
Similar conclusions were drawn by Zádor et al. (2004) applying uncertainty analysis to a comparison of MCMv3 simulations with data from the same two ethene experiments considered in this work. They included the reaction NO 2 =HONO as a chamber radical source in the models and found this reaction to have no significant effect on the final O 3 concentration in the low NO x case. For the high NO x experiment the chamber radical source was seen to have a non-linear effect on O 3 concentration, but this effect was relatively minor and the uncertainty arising from this parameter alone could not account for the O 3 over-prediction observed. In all the simulations of the aromatic experiments described below the tuned auxiliary mechanism obtained by consideration of the two ethene experiments was used. In order to simulate the concentration-time profile of HNO 3 , an important compound for the NO y budget, its wall loss process was also included, and the nominal rate from EU-PHORE characterisation experiments was assumed. The inclusion of this process and the value of the rate parameter do not significantly affect the simulated concentrations of any other species.
The initial HONO concentrations used in the models are listed in Table 1 . In two experiments HONO was introduced into the chamber in relatively high concentration (9 and 18 July 2002) and the values used are those measured before the chamber was opened. In the replacement NO x experiments (14 and 17 September 2001) a mixture of HONO, NO and NO 2 was introduced into the chamber at a variable but known rate throughout the experiment and the values used for initial HONO were calculated from the amount added before chamber opening in each experiment. In the other experiments the initial HONO concentration is not known and the concentrations used in the ethene simulations discussed above were used as an approximation, i.e. in low NO x conditions 0.1 ppb was assumed and in high NO x conditions 1.5 ppb was assumed. This is an estimation used in the absence of more reliable methods and the facility to measure low concentrations of HONO in the chamber would be a valuable addition to the instrumentation available at EUPHORE. However, as discussed above, the contribution of the chamber HONO source to the overall radical production in the aromatic systems is small compared to the gas phase chemical sources and cannot account for the discrepancies observed between the modelled and measured concentrations.
Evaluation of aromatic mechanisms 4.2.1 Update of MCMv3 to MCMv3.1
The twelve aromatic photosmog experiments carried out during the EXACT campaigns were simulated as described above by models using both MCMv3 and MCMv3.1 mechanisms. The updates to MCMv3 resulting in MCMv3.1 have been made on the basis of information from current literature and conference proceedings, and the main updates are as follows:
-Photolysis rates of unsaturated γ -dicarbonyls have been adjusted according to Thuener et al. (2003) for butenedial and 4-oxo-2-pentenal, and Graedler and Barnes (1997) for 3-hexene-2,5-dione. The photolysis rates of the epoxydicarbonylene products have also been increased as they were originally estimated by analogy with the unsaturated γ -dicarbonyls.
-The breakdown of the carbon skeleton for 2(5H)-furanone has been updated and β-angelica lactone has been replaced by α-angelica lactone to reduce the secondary glyoxal formation. These changes were prompted by findings of Volkamer et al. (2001) that secondary glyoxal formation in the toluene system is negligible.
-New phenol-type chemistry has been implemented reflecting the lower yield for the ring-opening channel reported by Olariu et al. (2002) , and the need for reduced ozone formation found in a cresol photosmog experiment at EUPHORE.
-Branching ratios for the different oxidation routes of aromatics have been adjusted to reflect the reported yields of glyoxal and of phenol-type compounds at NO x levels appropriate to the atmosphere (Volkamer et al., 2001 (Volkamer et al., , 2002 .
The process of mechanism development and further details of the differences between the two mechanism versions are described in detail in a companion paper (Bloss et al., 2005) .
First group of key species: parent aromatic, O 3 , NO 2 , NO
The results of the simulations were compared to the measured concentrations of the key species. Figures 4-7 exemplify model-measurement comparisons for the first group of target species, the parent aromatic, O 3 , NO 2 and NO. The ability of the models to simulate observed ozone production and oxidative capacity can be evaluated by consideration of the observed and calculated maximum ozone concentrations and NO oxidation rates, and the amount of OH radical found to be missing from the chemical mechanism as discussed above. These measures of model performance Table 6 . Measures of model performance concerning the ozone formation and oxidation capacity for MCMv3 and MCMv3.1. For O 3 the peak values are taken irrespective of the time they occur, NO oxidation rate is a measure for the timing of the simulation (see text), and the numbers in bold for these measures are the percentage difference between simulated and observed value, relative to the observed value. For missing OH, base value is the amount of new OH produced by the base mechanism over the course of the experiment, "missing" is the amount of extra OH needed to achieve agreement between modelled and observed aromatic decay, and the number in bold is the missing OH as a percentage of the total OH, (base + missing). are summarised for each experiment in Table 6 for MCMv3 and MCMv3.1. The investigated aromatics form a series of compounds with increasing methyl substitution, and for each compound a range of VOC/NO x ratios is covered by the experiments. The results for the ethene experiments are included to show the level of agreement reached for a system where the chemistry is well understood, though even in this case the results of the uncertainty analysis performed by Zádor et al. (2004) suggest some systematic over-prediction of O 3 concentration.
In the experiments of 14 and 17 September 2001 the NO x concentration was kept at a constant low level (∼5-7 ppb) by a feedback mechanism and therefore NO oxidation rate is not a useful measure for these experiments and is not included in the table. It should be noted that in the VOC limited experiments (25 September 2001 and 9 July 2002) the simulated ozone concentration does not reach a peak on the timescale of the experiment, therefore the values listed in the table are the ozone concentrations at the end of the experiments and may under-estimate the O 3 peak value.
The two low NO x toluene experiments (12 and 24 September 2001) used similar initial conditions and the good agreement between measures of model performance for these two days shows that reproducible results are obtained from these chamber studies.
Performance of MCMv3
The simulations over-predict the peak O 3 concentration, with the exception of the toluene high NO x (25 September 2001) experiment where the simulated peak O 3 is not reached. The peak O 3 of the ethene experiments is over-predicted by 10% and 20% for the low and high NO x cases, respectively; the chemical mechanism for this simple alkene is well understood and this relatively small discrepancy between modelled and observed concentrations may be considered the best we could expect to achieve for the aromatic experiments. In fact only one of the aromatic simulations gives a discrepancy in this range, which is 13% for the p-xylene higher NO x experiment. Discrepancies as high as 91% are seen (1,3,5-TMB low NO x ) with a more typical value being around 50%. In general, for the "classical photosmog" experiments, the mechanism seems to perform better when simulating peak ozone in the higher NO x conditions. The peak O 3 in the two experiments where NO x levels were maintained at a low and constant level is also simulated better than for the classical low NO x experiments. There is no clear trend in the ability of the model to simulate peak O 3 with increasing substitution of the aromatic ring.
The NO oxidation rate is reasonably well simulated by MCMv3 for the two ethene experiments, over-predicting the observed rate by 15% and 23% for the low and high NO x cases, respectively, and, as for the peak O 3 , these values give some indication of the best level of agreement we may expect for the more complex aromatic systems. As shown in Table 6 , MCMv3 achieves good agreement between modelled and measured NO oxidation rate for benzene and pxylene, while for toluene and 1,3,5-TMB the model significantly under-predicts the observed value. This is also clear from Figs. 4-7 where the timing of the simulations appears in good agreement with measurements for benzene and pxylene but simulations of the toluene and 1,3,5-TMB experiments show a delay relative to the measurements. For a given aromatic the modelled NO oxidation rate increases with in- creasing initial NO x , and in most cases this results in improved model-measurement agreement at higher initial NO x concentrations.
The measure of the OH source missing from the mechanism is taken to be the amount of OH which needs to be added to the system to achieve agreement between modelled and observed decay of the parent compound over the whole experiment, expressed as a percentage of the total OH source in that model. In the case of the ethene experiments, the MCMv3 simulation gives a good description of the ethene loss and no OH source is missing. However, for most of the aromatic experiments a significant OH addition is required, with a missing OH of up to 80% for benzene. In general, the models seem to have less missing OH in the higher initial NO x conditions, in line with the improved simulation of the timing parameter (NO oxidation rate), which is related to the oxidative capacity of the system. The exception is the 1,3,5-TMB experiments where missing OH is relatively low for all experiments. There is also a trend to lower missing OH with increasing methyl substitution, and hence with increasing reactivity of the aromatic. For benzene the model-measurement comparison (Fig. 4) shows the parent compound decay to be reasonably well simulated, but as the rate of reaction of OH with benzene is slow a large additional concentration of OH is needed to correct for the small under-prediction of the loss rate. Much of the benzene decay is accounted for by chamber air dilution, and the 'missing' OH measure of model performance is more appropriate for the higher reactivity systems where most of the aromatic decay is a result of OH reaction. It should also be noted that for each experiment there is not a fixed amount of OH production needed to produce the observed decay in aromatic, the amount depending on the lifetime of OH, and hence on the concentrations of products which depend on the details of the chemical mechanism.
Performance of MCMv3.1 compared to MCMv3
(1) Benzene. The O 3 peak in the benzene system is greatly reduced in the MCMv3.1 compared to MCMv3, and is in good agreement with the measurement, as shown in Fig. 4 . This substantial improvement is mainly as a result of an increased phenol channel yield implemented in MCMv3.1 and an increased ring-retaining product yield in that channel. Sensitivity studies have shown the ring-opening routes to be generally the most efficient at generating ozone (Jenkin et al., 2000; Wagner et al., 2003) . This is partly because the products, such as α-dicarbonyls and conjugated γ -dicarbonyls, rapidly photolyse to generate radicals and hence increase reactivity in the system and promote ozone formation from VOC oxidation. Also these routes proceed via the formation of peroxy radicals and involve two NO-to-NO 2 conversion steps in the initial oxidation step. In contrast the initial oxidation of benzene to phenol involves only one NO-to-NO 2 conversion step, the phenol product is not a radical source, and in MCMv3.1 the subsequent chemistry results mainly in the formation of further substituted aromatics, including nitro-phenol and nitro-catechol which act as a sink of NO 2 and reduce the NO x available for ozone formation. However, this increase in ring-retaining yield and consequent decrease in radical production leads to an increase in missing OH, and a decrease in the NO oxidation rate which was well simulated by MCMv3 for the benzene experiments. This is indicative of a general problem with the mechanisms, overprediction of the ozone concentration but under-prediction of the reactivity of the system. Reducing the ozone production by reducing the peroxy radical concentrations and hence the amount of NO to NO 2 conversion also reduces the OH production and the oxidative capacity of the system.
(2) 1,3,5-trimethylbenzene. At the other end of the aromatic series, for 1,3,5-trimethylbenzene simulated ozone and NO oxidation rate both increase in MCMv3.1 relative to MCMv3, i.e. the opposite effects to those seen for benzene. An example is shown in Fig. 7 . There is no new information on the substituted phenol yield for this compound so it remains unchanged from MCMv3, and as the aromatic ring is already substituted in the ortho and para positions relative to the phenol group the chemistry cannot be updated in an analogous way to the other phenols and also remains unchanged. The increased NO oxidation rate and ozone production is a result of the increased photolysis rates of the unsaturated dicarbonyl compounds producing more radicals in the early stages of the experiment.
(3) Toluene. The bulk of the development work in the project has focused on toluene and the model-measurement agreement in terms of both ozone concentration and NO oxidation is improved in MCMv3.1. An example is shown in Fig. 5 . This mechanism has an increased branching ratio for ring opening in toluene oxidation, and a slightly decreased cresol yield. These changes, along with the increased photolysis rates of the unsaturated dicarbonyl compounds, tend to increase radical production, particularly early in the experiment, and increase O 3 generation. However, changes to the substituted phenol (cresol) chemistry, analogous to those discussed above for the benzene system, decrease O 3 formation and reduce radical production in the middle of the experiment. The changes balance out in such a way that some decrease in O 3 formation is achieved while increasing the radical production in the early stages of the experiment, which are particularly significant in determining the NO oxidation rate. However, the missing OH is calculated over the whole course of the experiment, and in general is higher for the MCMv3.1 simulations indicating an overall reduction in oxidative capacity for this mechanism consistent with the reduced ozone formation potential. Note that for the high NO x experiment (25 September 2001) the simulated O 3 value is higher for MCMv3.1 than MCMv3, but as discussed above, these simulations do not reach an O 3 peak in the timeframe of the experiments. The higher radical production in the early stages of the MCMv3.1 simulation results in a faster rise in O 3 and a higher O 3 concentration at the end of the experiment in better agreement with the measurement, but still much lower than the observed peak. There is also a slight decrease in missing OH for this experiment as the simulation deals more with the early stages of toluene oxidation in which radical production is increased in MCMv3.1 compared to MCMv3. (4) p-xylene. The changes to the p-xylene mechanism are very similar to those in toluene, and the simulated O 3 peak is again lower for both experiments using the MCMv3.1 mechanism, while the missing OH increases as the overall oxidative capacity is decreased. An example is shown in Fig. 6 . For the lower NO x experiment (3 July 2002) the NO oxidation rate is increased as for toluene, but unlike the toluene experiments where the NO oxidation rate is under-predicted, for this experiment MCMv3 slightly over-predicts the NO oxidation rate and the model-measurement discrepancy is therefore larger for MCMv3.1. In the higher NO x p-xylene experiment (18 July 2002) the MCMv3.1 simulated NO oxidation rate is lower than MCMv3 and slightly under-predicts the observed value, though it remains in reasonable agreement with it. The second group of key species are those that deliver important information on the NO y budget, the HO x production or the branching ratios for major reaction routes, and example model-measurement comparisons for some of these in a toluene experiment are shown in Fig. 8 . The performance of MCMv3 and MCMv3.1 in simulating the concentrations of glyoxal, methylglyoxal, phenol, HCHO, HNO 3 and PAN in the aromatic experiments is summarised in terms of maximum observed and simulated concentrations in Table 7 . Only one experiment for each aromatic is listed to illustrate the general performance of the mechanisms; a full table is available in the supplementary information.
(1) Glyoxal and methylglyoxal. These α-dicarbonyls are primary products of the aromatic ring-opening routes, and have been identified as important radical sources. In the latest version of the mechanism, MCMv3.1, primary glyoxal yields based on the latest literature data (Volkamer et al., 2001 ) have been implemented and secondary production from the degradation of furanones, unsaturated γ -dicarbonyls and phenols has been reduced in line with the negligible secondary glyoxal yields observed experimentally. The simulated peak glyoxal concentration is in good agreement with the measurements. Primary methylglyoxal yields in MCMv3.1 have also been adjusted to maintain the ratio of glyoxal to methylglyoxal yield observed by (Smith et al., 1998 (Smith et al., , 1999 , and the secondary yield has been reduced as for glyoxal. Model performance for methylglyoxal is not as good as for glyoxal but the simulated and observed peak concentrations agree to within 50%.
(2) Substituted phenols. The formation of substituted phenols is an important oxidation pathway of aromatics and, as discussed in Sect. 4.2.2, the yields and subsequent chemistry of these products have been updated in MCMv3.1. This has an impact on the ozone forming potential and general reactivity of the systems. In particular a large change in phenol yield was implemented for benzene and the MCMv3.1 simulated peak phenol concentration is in reasonable agreement with the measurement. The observed 2,5-dimethylphenol yield in the p-xylene experiment is very low and the models significantly over-predict the peak concentration. The overprediction is smaller for MCMv3.1 as a lower yield is implemented in this mechanism. For toluene the concentrationtime profiles for cresol (methylphenol) are shown in Fig. 8 , and while the simulated peak concentrations are in reasonable agreement with the measured peak there are clear discrepancies in the time dependence. The delayed modelled peak is common to all products and is a consequence of the under-estimate of reactivity. Also the modelled loss of the cresol product in the latter stages of the experiment is too fast; this will tend to decrease the modelled peak concentration and contribute to the small under-prediction of the peak by MCMv3.1. This rapid loss process is connected to the NO y budget as reaction with NO 3 is a significant removal reaction for cresol. The cresol concentration can be used as a tracer for NO 3 and the over-prediction of its loss rate is indicative of an over-prediction in NO 3 . Use of these data for mechanism development is discussed in the companion paper (Bloss et al., 2005) .
(3) Formaldehyde. Formed as a second and subsequent generation product in many areas of the aromatic mechanisms, formaldehyde has been found to be a significant radical source in these systems. Its peak concentration is underpredicted to some degree by both mechanisms and for all the target aromatics. For the methyl-substituted aromatics the model-measurement discrepancy for MCMv3.1 is at worst 40%, but for benzene a more significant under-prediction, 62% with MCMv3.1, is observed. The main sources of formaldehyde in this mechanism are the photolysis of glyoxal and the degradation of 5H-furan-2-one. The observed concentration-time profile suggests that additional formaldehyde production is required particularly in the later stages of the experiment.
(4) PAN and HNO 3 . The concentrations of PAN and HNO 3 give information on the NO y budget in the system. HNO 3 is mostly formed by the chain termination reaction of OH with NO 2 and also in the reaction of NO 3 with aldehydes and phenol compounds. The peak concentration is simulated reasonably well by MCMv3.1. However, as shown in Fig. 8 for toluene, the concentration-time profile is not well simulated, the modelled concentration decays faster than observed. Additional uncertainty is introduced into the model for this polar compound by the need to include a wall loss term. The value used for this parameter was taken from a single experiment at EUPHORE and may depend on the condition of the chamber walls and be too high for these experiments. Also, as HNO 3 loss in the chamber has been seen to deviate from a first order decay it may be more appropriate to use both wall adsorption and deposition processes for HNO 3 . Given the apparent over-estimate of HNO 3 losses the simulated peak concentrations should be considered as a lower limit of HNO 3 produced in the mechanisms. More information on the wall dependent chemistry of this compound is needed before a reliable evaluation of model performance in simulating HNO 3 can be made. PAN, formed from the reaction of the acyl peroxy radical CH 3 C(O)O 2 with NO 2 is formed as a second and subsequent generation product in ring-opening routes of the degradation mechanisms of methyl substituted aromatics. PAN formation is decreased in MCMv3.1 compared to MCMv3, and the peak concentrations simulated with MCMv3.1 agree with observed peak concentrations to within 50%.
Third group of key species: ring opened products
The third group of key species (reaction products such as butenedial, 4-oxo-2-pentenal, α-angelica lactone, furanones and epoxide type compounds) were measured during the EXACT campaigns by comprehensive gas chromatography (GCXGC). These measurements and their comparison with MCM simulations have been discussed by Hamilton et al. (2003) . In the toluene experiments, observed products included α-angelica lactone/4-oxo-2-pentenal as a co-eluting pair, maleic-anhydride and methyl-maleic-anhydride. E/Zhex-3-en-2,5-dione and methyl-maleic-anhydride were observed as products of p-xylene oxidation, and in the 1,3,5-TMB system the two furanones, 3,5-dimethyl-3H-furanone and 3-methyl-5-methylene-5H-furan-2-one were observed. Liquid standards were used for preliminary quantification of identified compounds, and, for a number of compounds, gas phase chamber calibrations were carried out and found to be in reasonable agreement with the liquid calibrations. The comparison of the measurements with simulations using both MCMv3 and MCMv3.1 showed that the mechanism significantly over-predicts many of the measured concentrations, and while GCXGC provided positive identification of certain key intermediates, large uncertainties remain concerning the yields. In systems where organic aerosol formation is observed, a potential fate of any oxygenated product is transfer to the condensed organic phase, as discussed in more detail in relation to the MCM aromatic systems by Johnson et al. (2004a, b) . Although the comparatively volatile α-dicarbonyls, glyoxal and methylglyoxal, have been detected in aromatic SOA (Jang and Kamens, 2001) , it is clear that the SOA composition is highly complex with contributions likely to be made by many products, particularly the higher molecular weight multifunctional species. In the EXACT experiments, comparatively low reagent concentrations were used such that the yields of SOA were low (ca. 6% by mass for toluene and ca. 3% by mass for the other aromatics), C. Bloss et al.: MCMv3 and MCMv3 .1 against environmental chamber data indicating that the vast majority of product (for which the total mass yield is substantially greater than 100%) is present in the gas phase. Given that the mass yields of α-dicarbonyls are typically 26%, 44%, 37% and 47% (for benzene, toluene p-xylene and 1,3,5-trimethylbenzene, respectively) it is clear that >88%, >86%, >92% and >94% of the α-dicarbonyls in the respective systems would be in the gas phase even in the highly unlikely situation that the observed SOA was entirely composed of α-dicarbonyls. Although we fully recognise and agree that it is of great importance to understand the mechanisms of SOA formation, and to identify the major contributors, we do not believe that the lack of a representation of gas-to-aerosol transfer of oxidised organic products in the present study has a major impact on the gas phase simulations in general, or on the simulated gas phase concentrations of the α-dicarbonyls in particular.
Conclusions
Experiments have been carried out in EUPHORE to study the oxidation of benzene, toluene, p-xylene and 1,3,5-trimethylbenzene under conditions appropriate to the atmosphere, and the large, high quality dataset obtained has been used to evaluate the performance of the MCMv3 and MCMv3.1 aromatic mechanisms. The updated mechanism, MCMv3.1, shows improved ability to simulate some of the observations from the EUPHORE dataset but significant discrepancies remain. Concerning, in particular, ozone formation potential and oxidative capacity of aromatic hydrocarbon systems:
-The peak ozone concentration in the benzene experiments is well simulated but for the substituted aromatics the simulations generally over-estimate the peak ozone concentration.
-The OH radical production in the mechanisms is too low to account for the OH concentration inferred from the rate of loss of the parent aromatic. The simulations under-estimate the oxidative capacity of the aromatic systems.
-For the majority of the experiments the simulations under-predict the NO oxidation rate, which is used as a measure of the timing of the simulations. This parameter is closely related to the processes responsible for the production of ozone and the reactivity of the system.
The combination of over-prediction of ozone concentration and under-prediction of reactivity poses a problem for mechanism development; a reduction in ozone concentration can be achieved by a reduction in peroxy radical concentration, which limits the NO to NO 2 conversion, but this will also lead to a reduction in NO oxidation rate and OH production.
Ideas for further modifications to the mechanisms to account for the shortcomings and requirements for further laboratory and chamber experiments to investigate such ideas are discussed in the companion paper (Bloss et al., 2005) .
